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Abstract
Kehrer [Spatial Vision 2 (1987) 247] found that texture discrimination performance sometimes peaks in the parafovea rather than
at the fovea, and he referred to this phenomenon as the central performance drop (CPD). Kehrer used a backward mask to limit
performance and Morikawa [Vision Res. 40 (2000) 3517] argued that in some cases the temporal aspects of the backward mask may
be critical to the emergence of the CPD. In one experiment Morikawa showed that the CPD does not emerge when a simultaneous
noise-mask (diﬀerent from the mask used by Kehrer) is used to limit performance. In another experiment Morikawa showed that
unmasked texture displays comprising short lines do not elicit the CPD. In both cases, changes in the temporal aspects of the texture
displays were accompanied by changes in the spatial structure of the mask or stimulus. For the spatio-temporal theory of the CPD to
be sustained one would have to show that noise masks elicit a CPD when used as backward masks and that the short-line textures
elicit a CPD when followed by backward masks. Our evidence provides little if any support for either of these predictions. Further-
more, an analysis of a simple ﬁlter-rectify-ﬁlter model of texture segmentation shows that a greatly attenuated CPD is to be expected
when a noise mask is used as a source of spatial noise.
 2004 Elsevier Ltd. All rights reserved.
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Performance in spatial vision tasks typically declines
as stimuli of ﬁxed size are moved from fovea to the
periphery. In fact, there is a substantial literature de-
voted to characterizing eccentricity dependent sensitivity
losses, and the stimulus magniﬁcations needed to oﬀset
these losses (e.g., Poirier & Gurnsey, 2002; Wilson, Levi,
Maﬀei, Rovamo, & De Valois, 1990). In striking contrast
to the usual eﬀects of eccentricity on spatial discrimina-
tions, Kehrer (1987) found that detection of a texture
comprising oblique lines of a particular orientation
embedded in a larger background of orthogonally ori-
ented lines improves as the target texture is moved away
from the fovea. Kehrer coined the term ‘‘central per-0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
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E-mail address: rick.gurnsey@concordia.ca (R. Gurnsey).formance drop’’ (CPD) to denote the sub-optimal detec-
tion performance at foveal or near-foveal locations. This
basic result has been found in a number of labs and in a
variety of tasks (Gurnsey, Pearson, & Day, 1996; Joﬀe &
Scialfa, 1995; Kehrer, 1987, 1989, 1997; Meinecke, 1989;
Meinecke & Donk, 2002; Meinecke & Kehrer, 1994;
Yeshurun & Carrasco, 1998, 2000) and has been estab-
lished as a reliable phenomenon. The question is: Why
does the CPD occur?
In Kehrers (1989) task a disparate texture region
(1.75 high and wide) was embedded in a background
texture that was 24 wide and 3.1 high. Textures com-
prised left or right oblique line segments and lines in
the disparate texture diﬀered from those in the back-
ground texture by 90. On each trial the disparate tex-
ture was either present or absent and, when present,
could appear at one of 47 positions along the horizontal
midline of the display. Hit rate was the dependent meas-
ure. In such a task it might be argued that the CPD
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their responses for stimuli presented near the fovea. This
explanation can be rejected for three reasons: First,
Kehrer (1989) had participants indicate where they
thought the target had been each time they made a false
alarm. It was found that participants were more likely to
identify foveal regions on these trials. This is exactly
contrary to what one would expect based on a criterion
shift explanation. Second, in a task similar to that of
Kehrer (1987), Gurnsey et al. (1996) measured d 0 for tex-
ture discrimination at a range of eccentricities. It was
found that d 0 was maximal at 3–4 from ﬁxation and
dropped as the texture region was moved closer to ﬁxa-
tion or further into the periphery. Finally, Morikawa
(2000) and Potechin and Gurnsey (2003) used a four
alternative forced choice task (4AFC) to assess sensitiv-
ity to texture diﬀerences. As in Kehrers (1987) study,
the foreground and background textures were left and
right oblique line segments. The disparate region could
appear at one of eight eccentricities (distances from ﬁx-
ation) along one of the four diagonal meridia. The par-
ticipants task was to identify the quadrant containing
the disparate region. In this task there is no issue of set-
ting a criterion and yet very pronounced CPDs were ob-
tained in both studies. Therefore, an eccentricity
dependent criterion shift may be rejected as the source
of the CPD.
In many studies of the CPD texture displays have
been followed by a mask to avoid ceiling eﬀects that
would otherwise occur. This methodological feature
has lead to a spatio-temporal account of the CPD. Keh-
rer (1989) argued that low frequencies are processed fas-
ter than high frequencies, and that foveal processing is
more associated with high frequencies and peripheral vi-
sion more associated with low frequencies. These
assumptions together suggest that ‘‘processing speed’’
increases from with distance from the fovea. On this
view, a texture boundary presented at the fovea is seg-
mented on the basis of high-frequency information. A
mask presented at a stimulus onset asynchrony (SOA)
of 50 ms (for example) could interfere with the segmen-
tation process. However, segmentation based on lower
frequencies available in the periphery might be com-
pleted prior to the onset of the mask. The existence of
the CPD leads to the further assumption that low fre-
quencies are not processed as eﬀectively in the fovea as
in the periphery. Therefore, Kehrer posited an associa-
tion between the frequency selectivity of spatial ﬁlters,
their sensitivity at diﬀerent eccentricities and their speed
of operation.
This spatio-temporal theory is supported by the ﬁnd-
ing that the performance peak moves further into the
periphery as the fundamental frequency of the texture
decreases, and that performance improves as the interval
between stimulus and mask increases (Gurnsey et al.,
1996; Joﬀe & Scialfa, 1995; Kehrer, 1989). However,even though the performance peak moves to greater
eccentricities as inter-element spacing increases, the
absolute level of performance also drops (Gurnsey et
al., 1996; Kehrer, 1989). This seems inconsistent with
the processing speed aspect of Kehrers (1989) original
suggestion. Furthermore, it has been shown that a back-
ward mask is not required for the CPD to occur (Mor-
ikawa, 2000, Expt. 4; Potechin & Gurnsey, 2003;
Yeshurun & Carrasco, 2000).
Gurnsey et al. (1996) argued that the CPD could be
understood in strictly spatial terms. They suggested that
the sizes of ﬁlters (e.g., Gabor ﬁlters) involved in texture
segmentation vary as a function of eccentricity; speciﬁ-
cally, textures are segmented based on the responses of
small ﬁlters at the fovea and large ﬁlters in the periph-
ery. In addition Gurnsey et al. (1996) suggested that
the region over which textures are compared is tied to
the size of the ﬁlters involved; viz, at the fovea smaller
regions are compared than in the periphery. A conse-
quence of this organization is that optimal performance
will occur when the scale of the texture (i.e., inter-ele-
ment spacing) is matched to the scale of the available
segmentation mechanism. At the fovea the segmentation
mechanisms may be too small relative to the textures,
whereas in the far periphery they are too large. At some
intermediate eccentricity the texture and the mechanism
are optimally matched thus yielding a performance
peak.
Most empirical data are consistent with the spatial
account (Gurnsey et al., 1996; Joﬀe & Scialfa, 1995;
Kehrer, 1987, 1989, 1997; Yeshurun & Carrasco, 1998)
and the assumptions of the spatial theory can be used
to model data from several experiments showing the
CPD (Gurnsey & Poirier, 2003; Kehrer, 1997; Kehrer
& Meinecke, 2003; von Berg, Ziebell, & Stiehl, 2002). Fi-
nally, as noted, Morikawa (2000) and Potechin and
Gurnsey (2003) showed that a backward mask is not
necessary in order to obtain a CPD.
Morikawa (2000) presented results that might be seen
as more consistent with a temporal account than a spa-
tial account of the CPD. Morikawa used a four alterna-
tive forced choice (4AFC) task in which participants
identiﬁed the quadrant containing a disparate texture
(left and right obliques as in the top left panel of Fig.
1). When performance was limited by a backward mask
there was a clear CPD. However, when a simultaneous
noise mask (comprising single pixel dots having a density
of 6–7%) was used to limit performance no CPD was ob-
tained; performance was ﬂat from ﬁxation to the near
periphery and then dropped monotonically at even fur-
ther eccentricities. As well, when performance was lim-
ited without a backward mask by reducing the length
of the lines comprising the textures, no CPD was ob-
tained. One interpretation of these data is that the back-
ward mask used in the classic experiments of Kehrer
(1987, 1989) did not function simply as a source of spa-
Fig. 1. Examples of the stimuli used in the three conditions of the experiment.
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(2003). Rather, it might be argued that the temporal
relationship between stimulus and mask was essential
for the emergence of the CPD. However, this interpreta-
tion is limited on both theoretical and empirical
grounds.
First, theoretically, it is not obvious that a failure to
ﬁnd a CPD with a simultaneous noise mask is inconsist-
ent with standard spatial models of the CPD (e.g.,
Gurnsey et al., 1996; Kehrer, 1997; Kehrer & Meinecke,
2003). In Section 4 we present a simple ﬁlter–rectify–ﬁl-ter (FRF) model of texture segmentation and demon-
strate that its response to a texture boundary in the
presence of an X-type mask (e.g., Fig. 1, top right) is
quite diﬀerent than its response to the same texture
boundaries in the presence of a noise mask (e.g., Fig.
1, centre right). In fact this diﬀerence roughly parallels
the results of Morikawa (2000).
Second, to test the importance of the backward mask
in the CPD experimentally, Morikawa (2000) changed
two aspects of the displays in each of the experiments
described above. In one case the mask was changed
2590 R. Gurnsey et al. / Vision Research 44 (2004) 2587–2596from X-type patterns (Fig. 1, top right) to random dots
(Fig. 1, middle row, right) and, the mask was changed
from a backward mask to a simultaneous mask. Failure
to ﬁnd the CPD could be attributable to the change in
the spatial structure of the mask or the temporal rela-
tionship between the stimulus and mask. In the second
case, the stimulus lines were shortened and the backward
mask was eliminated. Again, the failure to ﬁnd a CPD
could be attributed to either of these changes. For the
temporal theory to be sustained, one would have to
show that noise masks produce a CPD when used as
backward masks but not when used as simultaneous
masks. Furthermore, for the short-line experiment to
prove the involvement of the temporal aspects of a back-
ward mask in the CPD, one would have to show that a
CPD occurs for the short-line textures when a backward
mask is used. The following experiments were designed
to assess the importance of the temporal aspects of
backward masks to the CPD.2. Method
2.1. Participants
The participants were 35 students (10 males and 25
females) recruited from undergraduate psychology
classes at Concordia University. All the participants re-
ported normal or corrected to normal vision and wore
their refractive correction during testing. All partici-
pants were naive psychophysical observers and had a
mean age of 23.5 years. One participant was excluded
from the analysis because she misunderstood the task
instructions.
2.2. Apparatus
Stimulus presentation and data collection were con-
trolled by a Macintosh G4 computer attached to an
Apple 21-in. multiscan, colour monitor. The monitor
had a frame rate of 85 Hz, and a screen resolution
of 1280·1024 pixels; pixel width was 0.28 mm. Partic-
ipants viewed the monitor from approximately 69 cm
and a chinrest was used to stabilize head position.
The experiment was conducted in a windowless room
and indirect illumination was provided by a shielded
60-W lamp placed to one side of the computer moni-
tor.
2.3. Stimuli
Fig. 1 provides illustrations of the stimuli and masks
used in the experiment. The lines and dots in Fig. 1 are
black on white for purposes of illustration only. In the
actual experiments they were white (69 cd/m2) on black
(0.1 cd/m2) as in the experiments of Morikawa (2000).Three diﬀerent conditions were tested, each employ-
ing stimuli and masks that closely matched those used
by Morikawa (2000). The ﬁrst condition employed a left
and right oblique line-elements stimulus (Fig. 1, top left)
and a backward-mask (Fig. 1, top right). We refer to this
as the standard condition. Each micropattern was drawn
within a 28·28 pixel grid, and each left and right obli-
que line was 18 pixels in length along a diagonal direc-
tion. The position of each line was randomly jittered
by +2 pixels from the centre of the grid. The mask ele-
ment associated with each texture element combined
the texture element and its reﬂection, making X-like pat-
terns.
The second condition employed the same texture
stimulus as in the standard condition (Fig. 1, middle
left) and a noise mask (Fig. 1, middle right). This noise
mask had 6% density of white dots on a black back-
ground and is identical to the simultaneous noise mask
used by Morikawa (2000). We refer to this as the noise
condition. The third condition was identical to the stand-
ard condition in all respects except that the lines com-
prising the texture and mask were 40% of the length of
those in the standard condition (i.e., 7 pixels). We refer
to this as the short condition.
All stimulus displays comprised 36 rows and 46 col-
umns of micropatterns. When viewed from 69 cm these
displays subtended 23.1 vertical and 29.3. A 3·3 re-
gion was embedded in this larger background texture.
The orientation of the lines in the disparate region was
90 diﬀerent from those in the background. This fore-
ground region was presented at eight eccentricities
(1.39, 2.32, 3.25, 5.11, 6.97, 8.82, 10.68, and
12.54) per quadrant along the two diagonal axes (i.e.,
45 from vertical) that intersect the center of the display.
The orientations of both the target and background ele-
ments were randomly varied between trials and balanced
within each condition so that the absolute orientation of
the elements would not facilitate texture segregation per-
formance.
2.4. Procedure
Each experimental trial consisted of the sequential
presentation of a ﬁxation dot, stimulus, backward-mask,
and response screen. The ﬁxation stimulus was a 5·5
pixel, blue dot presented at the centre of the screen for
400 ms prior to the onset of the stimulus display and re-
mained on through the presentation of the stimulus and
the mask. The stimulus was presented for durations
of 11.8, 23.5 35.3 and 47.1 ms, which corresponded to
1–4 frame refreshes, respectively. Each stimulus was
followed by a mask on the subsequent frame; the mask
remained on the screen for 300 ms. The SOAs used were
the shortest possible and covered performance from
ﬂoor to ceiling in pilot studies. Following the oﬀset of
the mask the ﬁxation dot changed to red and remained
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was to indicate which quadrant contained the disparate
region. Participants indicated their choices by pressing
preselected keys on the keyboard.
There were 256 trials in each block of the experi-
ment; 8 (eccentricities)·4(SOAs)·4(quadrants)·2(rep-
lications)=256 trials per block. There were three
replications of each block for a total of 3·256=768 trials
per experimental session. Participants were encouraged
to take breaks if necessary.
Prior to the experimental session, participants were
presented with 40 practice trials. During the practice
period, stimuli were presented once at each eccentricity
(in a randomly chosen quadrant) at SOAs of 941.2,
470.6, 117.6, 58.8, and 23.5 ms. The trials proceeded in
a ﬁxed sequence from the longest SOAs to the shortest
SOAs so that discrimination would be initially easy
and become increasingly diﬃcult, eventually reaching
the level of diﬃculty in the experimental trials.
Participants were assigned randomly to one of the
three experimental conditions (standard, noise or short).
There were 11 participants in the standard and short-
line conditions, and 12 participants in the noise-mask
condition.3. Results
For each of the the 4 (SOAs)·8 (eccentricities)=32
cells within each condition 24 responses were collected.
The dependent measure was the proportion of correct
responses in each cell. For each condition, the data were
submitted to a 4·8 within-subjects ANOVA. All statis-
tically signiﬁcant results were corrected with the Green-
house–Geisser correction procedure.
3.1. The standard condition
The results of the standard condition are summarized
in the left panel of Fig. 2. There was a main eﬀect of
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Fig. 2. Average proportion of correct responses as a function of eccentricit
conditions.[F(7,70) = 25.4, p<0.0001]. These results indicate that
performance improves with increases in SOA and vary
as a function of eccentricity. There was also a statisti-
cally signiﬁcant interaction of SOA and eccentricity
[F(21,210)=3.35, p <0.0001].
The principal objective of the study was to assess the
CPD in each of the three conditions. We did this by
assessing the linear trend in the ﬁve eccentricities closest
to ﬁxation (i.e., 1.39, 2.32, 3.25, 5.11 and 6.97) for
each of the four SOAs. The furthest eccentricity tested
(6.97) represented the performance peak at the shortest
SOA in the standard condition (Fig. 2, left panel). The
analyses revealed statistically signiﬁcant linear trends
at all SOAs [F(1,10)=67.1, 37.2, 17.5 and 11.3 for SOAs
of 11.8, 23.5, 35.3 and 47.1 ms, respectively; all p<0.01];
i.e., there was a statistically signiﬁcant CPD at all SOAs.
We repeated this analysis for eccentricities 2.32–6.97;
i.e., we eliminated the location nearest ﬁxation for rea-
sons to be discussed later. (These points are printed in
light grey in Fig. 2.) For SOAs of 11.8, 23.5 and 35.3
the trends remained statistically signiﬁcant
[F(1,10)=29.8, 15.5 and 7.32, respectively, all p<0.05]
and for SOA = 47.1 the trend approached signiﬁcance
[F(1,10)=3.42, p<0.09].
3.2. The noise condition
The results of the noise condition are summarized in
the centre panel of Fig. 2. There was a statistically signif-
icant eﬀect of SOA [F(3,33)=143, p<0.0001] and of
eccentricity [F(7,77)=13.5, p<0.0001]. These results
indicate that performance improves with increases in
SOA and vary signiﬁcantly as a function of eccentricity.
There was also a statistically signiﬁcant interaction of
SOA and eccentricity [F(21,231)=5.48, p<0.0001].
The linear trend analysis for the ﬁrst ﬁve eccentricities
were statistically signiﬁcant for SOAs 23.5, 35.3 and 47.1
[F(1,11)=13.8, 5.53 and 8.12, respectively; all p<0.05]
but not for SOA=11.8. An examination of the centre
panel of Fig. 2 suggests that the linear trend is attribut-
able to a drop in performance at the position nearest to9 12 15
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Fig. 3. Comparison with the results of Morikawa (2000); see text for
details.
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Fig. 4. Each panel shows the condition by eccentricity interaction for a
diﬀerent SOA. Error bars are ±SEM.
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four eccentricities from 2.32 to 6.97, no statistically
signiﬁcant linear trends were found. This contrasts with
the corresponding analyses of the standard condition in
which the CPD remained statistically signiﬁcant at three
of four SOAs when the point nearest to ﬁxation was
dropped from the analysis.
3.3. The short condition
The results of the short condition are summarized in
the right panel of Fig. 2. The ANOVA revealed statisti-
cally signiﬁcant eﬀects of SOA [F(3,30)=4.87, p<0.01]
and eccentricity [F(7,70)=4.53, p<0.001], indicating
that performance improved with SOA but decreased
with eccentricity; i.e., there is no evidence of a CPD.
There was no statistically signiﬁcant interaction between
SOA and eccentricity. It may be that no CPD was found
in this condition because of a ﬂoor eﬀect and that if
longer SOAs had been used a CPD might have emerged.
On the other had, we show in Section 4 that failure to
ﬁnd a CPD in the Short condition is consistent with at
least one version of a standard, FRF texture segmenta-
tion mechanism.
3.4. Comparison with Morikawa (2000)
Some of the present results show a marked similarity
to those of Morikawa (2000). Fig. 3, left shows the data
from the three conditions of Morikawas (2000) experi-
ment. Fig. 3, right shows data from the shortest SOA
in the standard and noise conditions, and data from
the longest SOA of the short-line condition. 1 of the pre-
sent experiments. There is a clear similarity in the pat-
tern of results in the two panels. These data clearly
show that using noise as a backward mask, or masking
the short-lines does not inevitably lead to a CPD.
Rather, these data seem more consistent with the idea
that diﬀerences in the spatial structure of the noise mask
(vs. the X-mask) eliminate the CPD in the noise condi-
tion. In the case of the short-line condition it seems that
reducing the length of the lines in itself is suﬃcient to
eliminate the CPD.
The data from other SOAs complicate this simple
picture slightly. The data in Fig. 2 have been replotted
in Fig. 4 to show how the three conditions compare at
each of the four SOAs. The pattern of results is similar
across all SOAs. The standard condition always pro-
duces the largest drop in performance at ﬁxation rela-
tive to peak performance in the periphery. Except at
the shortest SOA, the noise condition yields a modest
CPD. (We noted earlier that the modest CPD in the1 The longest SOA was used because the data in this condition were
the furthest from the ﬂoor.noise condition is heavily inﬂuenced by the position
nearest ﬁxation and may reﬂect positional uncertainty
rather than a true CPD.) It could be argued, perhaps,
that the modest CPDs in the noise conditions at longer
SOAs are evidence that temporal factors produce the
CPD. A counter-argument might be that the noise
and X-masks have diﬀerent eﬀects across eccentricities;
e.g., relative to the standard X-mask, the noise mask
is less eﬀective near ﬁxation and more eﬀective in the
periphery. But, this counter-argument raises the obvious
question: exactly what does the spatial model predict
the eﬀects of these manipulations should be? To address
this question we constructed a model of texture discrim-
ination that instantiates the spatial account and com-
pared its responses to those of psychophysical
observers.
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4.1. An FRF model of texture segmentation
The model we constructed combined the responses of
two simple FRF texture segmentation mechanisms (e.g.,
Gurnsey & Browse, 1989) that were identical in all re-
spects except the orientation selectivity of the initial ﬁl-
ters. These ﬁrst layer ﬁlters were formed from the
diﬀerence of three oﬀset Gaussians (DOOGs) as de-
scribed by Young (1985) and Malik and Perona
(1990). The spread of each Gaussian along its major axis
was three times that of the spread along its minor axis
(rf). The ﬂanking Gaussians were displaced by ±rf units
from the central Gaussian in a direction parallel to the
minor axis. The three Gaussians were combined linearly
as a weighted sum with weights 1, 2, 1. The resulting
ﬁlters were oriented ±45 from vertical and hence selec-
tive for left and right oblique lines. The second stage ﬁl-
ters were circularly symmetric, diﬀerence-of-Gaussians
(DOGs). The spread (rse) of the excitatory Gaussian
was 3rf and that of the inhibitory Gaussian (rSi) was
1.6 rse (Kehrer, 1997). The spatial theory of the CPD
holds that mechanisms of this sort exist at each eccen-
tricity and diﬀer only in spatial scale. The scale of the
mechanism just described is determined by the single
parameter rf. Therefore, diﬀerent eccentricities may be
simulated by varying rf.
The model was applied to samples from the textures
shown in Fig. 1 (left panels) scaled to 50% of their
original size. Each texture patch comprised 64 oriented
lines (an 8·8 region). Except for the display sizes and
scaling, the textures were exactly as described in Sec-
tion 2. Target-present (signal) displays contained a
3·3 sub-region of lines oriented 45 and the remain-
ing lines were oriented 45. All lines in the target-ab-
sent (null) displays were oriented 45. Masks were
also created as described in Section 2 and added to
the stimuli. Adding stimulus and mask was intended
to model the eﬀect of mask delay in the experiments;
i.e., increasing the weight given to the stimulus models
increases in SOA. Each stimulus (either a signal stimu-
lus or a null stimulus) was, therefore, a weighted sum
of the texture display and the mask; i.e., stimu-
lus=aI+M for a=0.80, 1.09, 1.47, and 2.00, where I
could be a signal or null display and M could be a
noise or X-type mask.
The model response (R) combined the outputs of the
two parallel FRF streams. In each stream the stimulus
was convolved with the DOOG (oriented ±45) and
the result half-wave rectiﬁed. The rectiﬁed signal was
then convolved with the DOG and the results squared,
producing R45 and R45. The model output was the
square root of the sum of the responses in the two
streams (i.e., R ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃR45 þ R45p ). Such models are de-
signed to respond well to texture discontinuities (Gurn-sey & Browse, 1989) and thus the maximum model
response should be greater when a texture discontinuity
is present than when it is not. Therefore, we used the
mean of the largest 25% of second layer responses as
our measure of response magnitude. These responses
were computed within a circular region that enclosed
the disparate region in the signal display and an equiva-
lent region in the target absent display.
4.2. Modelling psychophysical performance
For each of eight mechanism sizes (rf= [1.50, 1.79,
2.08, 2.67, 3.25, 3.83, 4.42, and 5.00] pixels) and for each
of four stimulus weights (0.80, 1.09, 1.47, and 2.00), 200
model responses were computed for the three types of
signal displays, and 200 responses were computed for
null displays. In other words, there were 8(mechanism
sizes)·4(stimulus weights)·3(display types)·2(stimu-
lus types; stimulus vs. null)=192 conditions in the anal-
ysis and 192·200=38,400 model responses in total. The
means and variances of the 200 responses within each of
the 192 conditions were then computed. (Histograms
showed the response distributions to be generally nor-
mal.)
The model of Rubenstein and Sagi (1990) provides a
convenient way to relate mechanism responses to per-
formance in a 4AFC task as used here. As mentioned,
the task required discriminating a signal stimulus (e.g.,
left obliques embedded in right obliques) from a region
containing only right obliques. The principles of signal
detection theory (Green & Swets, 1966) were used to cal-
culate the probability of a correct detection for each
condition based on the distribution of responses to the
signal and null displays.
Eq. (1) describes the standard model of performance
in an NAFC task:
pc ¼
Z 1
1
psignalðxÞP nullðxÞN1 dx: ð1Þ
In Eq. (1), psignal(x) is the probability density function
describing the responses of the model to the signal dis-
play (for a given model size, stimulus and mask), and
Pnull(x) is the distribution function describing the model
response to the null display (for a given model size, stim-
ulus and mask). These distributions were assumed to be
normal with means and standard deviations correspond-
ing to those yielded by the model (lsignal; r
2
signal;
lnull; r
2
null). We used a single free parameter (rnoise) to
bring the model performance into the range found
in the experiment. Consequently, psignal(x) is a nor-
mal distribution with a mean lsignal and variance
(r2signal þ r2nosie), and, Pnull(x) is a cumulative normal dis-
tribution with a mean lnull and variance (r2null þ r2noise). It
is critical to note that the masks function only as spatial
noise; there is no represenatation of time or temporal
energy.
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Fig. 5 summarizes the behaviour of the model. Each
panel shows the proportion of correct responses for each
of the three conditions (standard, noise and short) for
each of eight model sizes (eccentricities). From top left
to bottom right, the four panels represent simulated
short to long SOAs; viz., stimulus weights of 0.80–2.00.
Fig. 5 may be compared with the psychophysical data
in Fig. 4. It is clear that there are great similarities be-
tween the two ﬁgures, and small, but important diﬀer-
ences. As with our psychophysical subjects, the model
performance is best in the standard and noise conditions
and much poorer in the short condition. As well, there is
a pronounced CPD for the standard condition and no
CPD for the short condition. Finally, comparing the
simulated results from the standard and noise conditions
reveals that the noise-mask is less eﬀective at small scales
than is the X-mask, yet at large scales the noise mask is
more eﬀective. That is, the noise mask should be less
eﬀective near ﬁxation and more eﬀective in the periph-
ery, leading to a much less pronounced CPD than in
the standard condition. The principle diﬀerence between
the simulation and psychophysical results is that a mod-
est CPD exists in the model response for the noise con-
dition at the lowest stimulus weight (i.e., shortest
simulated SOA), in contrast to the psychophysical re-
sults of the present experiment.
Overall, the results in Fig. 5 show show a satisfactory
ﬁt to the data. It is quite likely that the ﬁt could be im-
proved if the entire space of models were to be examined
(e.g., by considering diﬀerent ﬁrst-layer ﬁlters, second-1.5 2.4 3.2 4.1 5.0
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Fig. 5. Each panel shows the simulated condition by eccentricity
interaction for a diﬀerent simulated SOA.layer ﬁlters, rectiﬁcations or size relationships between
ﬁrst and second layer ﬁlters) but for present purposes
we wanted to understand eﬀects of diﬀerent mask and
stimulus types using a more or less oﬀ-the-shelf version
of the model. Clearly the noise and X-masks have diﬀer-
ent eﬀects on performance that parallel the psychophys-
ical data: noise is less eﬀective at ﬁxation and more
eﬀective in the periphery. Using the noise mask as a
purely spatial source of noise aﬀects the CPD in the
same direction as predicted by the temporal theory.
Therefore, failure to ﬁnd a CPD with a simultaneous
noise mask is not necessarily inconsistent with the spa-
tial model (see Section 5). Finally, the short line condi-
tion is very diﬃcult for psychophysical observers and
elicits very low performance from the model; in neither
case is a CPD observed.5. General discussion
The psychophysical results and the results of the com-
putational model put us in a position to address the
question of whether backward masking per se is respon-
sible for the CPD in the classic studies of Kehrer (1987,
1989). On balance we ﬁnd little support for this pro-
posal. Our empirical results show a strong CPD in the
standard condition, a greatly attenuated or non-existent
CPD in the noise mask condition and no CPD in the
short-line condition, in spite of there being a backward
mask in all cases. Therefore, a backward mask does
not lead inevitably a CPD. To the extent that there is
a modest CPD in the noise mask condition, an generic
FRF model shows this eﬀect to be an expected from
the standard spatial account. Because the FRF model
and the temporal theory predict an attenuated CPD
when a noise mask limits performance, simultaneous
masking with a noise mask (Morikawa, 2000) cannot
be used to assess the contribution of temporal factors
to the CPD.
On the other hand, the few cases in which absolutely
no CPD is found for the noise mask condition (i.e.,
Morikawa (2000) and the shortest SOA in the present
study) seems inconsistent with the standard spatial the-
ory (Gurnsey et al., 1996) and might require elaboration
of the spatial model. It should be noted, however, that
because the spatial theory predicts a reduced–if not
non-existent–CPD in the presence of a noise mask,
one could easily interpret the absence of a CPD as a
straightforward consequence of sampling error; when
there is a small eﬀect, inherent variability in subjects re-
sponses may obscure it.
An alternative explanation for the absence of a CPD
(Fig. 4, top left) is that there are diﬀerent routes to solv-
ing the task. The analysis summarized in Fig. 5 assumes
that the only route to discrimination is through the FRF
model. Although this model seems to explain most of
Fig. 6. It is very diﬃcult to perceive the disparate region in the left panel when ﬁxating its centre, whereas it is easy to see the disparate region in the
right panel when ﬁxating its centre. However, if one ﬁxates somewhere between the right an left panels, it becomes easier to detect the disparate
region in the left panel.
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sible that other mechanisms contribute to performance.
Rather than relying on the output of an FRF model,
subjects might also attempt to search item by item
through the display to locate regions of discontinuity.
Given our obvious ability to do this (see any number
of papers in visual search; e.g., Treisman & Gelade,
1980) subjects would certainly make use of such a strat-
egy in order to maximize performance. Our analysis of
the FRF model response to the noise- and X-masks
showed that the noise mask less eﬀectively masked the
texture boundary at small model scales (i.e., near ﬁxa-
tion). This suggests that a search strategy should be
more successful near ﬁxation when the stimulus is
masked by a noise mask (presented as either a backward
mask or a simultaneous mask) than when the stimulus is
masked by an X-mask.
Fig. 6 provides an illustration of this idea. Both left
and right panels contain the same signal display. In
the left panel an X-mask has been added to the signal
and in the right panel a noise-mask has been added.
Clearly, the disparate region is easier to see when ﬁxat-
ing the centre of the right panel than when ﬁxating the
centre of the left panel. This demonstrates that the X-
mask more eﬀectively masks orientation structure than
the noise-mask. However, most people ﬁnd that when
they move their gaze from the centre of the left panel to-
wards the right, at some point the disparate region in the
left panel becomes apparent. This illustrates the stand-
ard CPD when a simultaneous X-mask is used. Con-
versely, the disparate region on the right that is easily
seen when ﬁxated, becomes progressively more diﬃcult
to see when gaze is moved to the left. This illustrates
the failure of the CPD in the case of a simultaneous
noise mask.
A similar argument may apply to the ﬁndings in the
short-line condition. Our analysis showed that under
the conditions of our experiment performance in theshort-line condition should be very low and little if any
CPD should be seen (consistent with the psychophysical
results). Performance in the short-line condition in Mor-
ikawa (2000) was somewhat better than in the present
study, yet participants only achieved 75% correct re-
sponses at an exposure duration of 106 ms with no mask.
For longer lines (e.g., Fig. 1, top left) this would have
produced a ceiling eﬀect. It is quite easy to understand
why such stimuli do not produce a CPD with or without
a mask. If one ﬁxates the disparate region in Fig. 1 bot-
tom left, the texture diﬀerence is readily seen. As one ﬁx-
ates away from the disparate region the texture diﬀerence
becomes increasingly diﬃcult to see. Therefore, resolu-
tion loss would naturally move the performance peak
closer to ﬁxation. In addition, reducing the length of
the lines increases the relative separation between them
and this is well known to make discrimination more dif-
ﬁcult (Nothdurft, 1985) and perhaps lead subjects to
search element by element through the display to locate
the target region. Therefore, if subjects use a search strat-
egy to accomplish the task in the short condition, one
might well expect the normal eccentricity eﬀect rather
than the CPD (e.g., Carrasco & Frieder, 1997).
In summary, we ﬁnd no evidence to suggest that
backward masking per se causes the CPD in the classic
studies of Kehrer (1987, 1989) or in later studies by
Gurnsey et al. (1996), Joﬀe and Scialfa (1995), Mori-
kawa (2000), Yeshurun and Carrasco (1998, 2000) or
Talgar and Carrasco (2002). This is not to say that we
can categorically reject a role for temporal factors,
rather, we conclude that no evidence to date is inconsist-
ent with the simple spatial account.Acknowledgments
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